Epoxides are relatively reactive compounds and may undergo decomposition or rearrangement reactions at elevated temperatures, and gas chromatographic analysis of essential oils may cause thermal decomposition or rearrangement of epoxide components at gas chromatographic temperatures. Density functional theory (DFT) calculations were carried out using the B3LYP functional at the 6-311++G**//6-31G* level of theory on the Meinwald rearrangements of αpinene oxide (two different mechanisms leading to trans-pinocamphone and α-campholenal), cis-limonene oxide (leading to trans-dihydrocarvone), translimonene oxide (leading to cis-dihydrocarvone), 6,7-epoxymyrcene (leading to 2-methyl-6-methylene-7-octen-3-one), and 1,2-epoxy-2,5-dimethyl-3-vinyl-4hexene (two mechanisms leading to 5-methyl-3-vinyl-4-hexenal and 8-methyl-5,7-nonadien-2-one). Free energies of activation for the uncatalyzed Meinwald rearrangement of common monoterpene epoxides are relatively large, being of the order of 70 kcal/mol, and are, therefore, not predicted to be important reactions at gas chromatographic temperatures.
Gas chromatographic analysis of essential oils usually involves injector temperatures of around 200°C and column temperatures up to 220°C, and there is general concern about the formation of artifacts from either thermal decomposition or rearrangement of essential oil components at those temperatures [1] . Epoxides are relatively reactive compounds and may undergo decomposition or rearrangement reactions at elevated temperatures [2] . The Meinwald rearrangement is the conversion of epoxides to carbonyl compounds (see Fig. 1 ) [3] . The rearrangement is generally carried out synthetically using a Lewis acid catalyst [4] , but the noncatalyzed rearrangement may also be possible. In the course of our investigations on essential oil compositions, there has been a noticeable lack of monoterpene epoxides, but many essential oils contained carbonyl compounds that could have arisen from Meinwald rearrangement. For example, α-pinene oxide is known to undergo Lewis-acid catalyzed Meinwald rearrangement to give either α-campholenal or trans-pinocamphone [5] . Several of our essential oil compositions had shown an absence of α-pinene oxide, but a presence of α-campholenal [6] , trans-pinocamphone [7], or both [8] .
Similarly, Meinwald rearrangement of cis-limonene oxide or translimonene oxide would be expected to give trans-dihydrocarvone and cis-dihydrocarvone, respectively. Three of our essential oils had one or both dihydrocarvones, but were devoid of limonene oxide [7b,9] . Carbonyl compounds are generally more stable than epoxides, suggesting that monoterpene epoxides, if present in an essential oil, may undergo uncatalyzed Meinwald rearrangement during gas chromatographic analysis to give carbonyl artifacts. In order to test this hypothesis, a theoretical investigation using density functional theory (DFT) was carried out on gas-phase uncatalyzed Meinwald rearrangements for a number of monoterpene epoxides.
Five different monoterpene epoxides were examined in this computational study. Density functional theory (DFT) calculations were carried out using the B3LYP functional at the 6-311++G**//6-31G* level of theory on the Meinwald rearrangements of α-pinene oxide (two different mechanisms leading to trans-pinocamphone and α-campholenal), cis-limonene oxide (leading to transdihydrocarvone), trans-limonene oxide (leading to cisdihydrocarvone), 6,7-epoxymyrcene (leading to 2-methyl-6methylene-7-octen-3-one), and 1,2-epoxy-2,5-dimethyl-3-vinyl-4hexene (two mechanisms leading to 5-methyl-3-vinyl-4-hexenal and 8-methyl-5,7-nonadien-2-one).
The structures, mechanisms modeled, and calculated free energies (at 200°C) are summarized in Table 1 .
α-Pinene oxide can undergo a 1,2-hydrogen shift with concomitant C-O bond cleavage to give trans-pinocamphone. The reaction is exothermic with ΔG r of -26.1 kcal/mol, but has a high free energy of activation (ΔG ‡ ) of 73.9 kcal/mol. An alternative six-electron rearrangement leading to α-campholenal has a higher activation energy (ΔG ‡ = 92.4 kcal/mol) and a less exothermic energy of reaction (ΔG r = -14.3 kcal/mol). This is an interesting result because the Lewis acid-catalyzed Meinwald rearrangement of αpinene oxide has been shown to give mainly α-campholenal with little or no pinocamphone [5] . The calculated energy barriers for the uncatalyzed Meinwald rearrangement of α-pinene oxide are relatively high. Concerted rearrangement reactions, however, generally have calculated activation energies around 20-40 kcal/mol [1, 10] . A search of the literature reveals several essential oils, particularly Juniperus oils that have both α-pinene oxide and either α-campholenal [11] or trans-pinocamphone [12] . Thus, gas chromatography did not cause rearrangement, at least entirely, of αpinene oxide.
The extremely high energy barriers for the uncatalyzed Meinwald rearrangement of α-pinene oxide along with the observation of this compound in several essential oils, suggests that rearrangement of α-pinene oxide during gas chromatographic analysis is not an important reaction and that the presence of αcampholenal or trans-pinocamphone is due to other, probably biosynthetic, pathways. The calculated activation energies for Meinwald rearrangement of either cis-or trans-limonene oxide are also relatively large (71.8 and 139.9 kcal/mol, respectively), suggesting that concerted rearrangement to the corresponding dihydrocarvones is unlikely. In addition, both cis-and trans-limonene oxides have been found in essential oils having no detectable dihydrocarvones [13] . 6,7-Epoxymyrcene has been found in large quantities in Lippia multiflora essential oil from the Central African Republic [14a] , as well as Tagetes elliptica essential oil from Peru [14b], but without any of the rearranged compound, 2-methyl-6-methylene-7-octen-3one. 2-Methyl-6-methylene-7-octen-3-one has been found is small quantities in Tanacetum annuum floral essential oil [14c] and the peel extract of Citrus australasica [14d], without detectable 6,7epoxymyrcene. This suggests Meinwald rearrangement of 6,7epoxymyrcene at gas chromatographic temperatures is not important, consistent with the high energy barrier (ΔG ‡ = 70.6 kcal/mol) for this rearrangement and in spite of the relative stability of the ketone (ΔG r = -24.4 kcal/mol).
NPC Natural Product Communications
1,2-Epoxy-2,5-dimethyl-3-vinyl-4-hexene (oxido santolina triene) is a rare monoterpene epoxide, but has been found in Artemisia tridentata [15] . Neither rearrangement product, 5-methyl-3-vinyl-4-hexenal nor 8-methyl-5,7-nonadien-2-one, are apparently known natural products. The allylic Meinwald rearrangement of oxido santolina triene has a relatively low activation energy (ΔG ‡ = 8.3 kcal/mol) and is very exothermic (ΔG r = -39.0 kcal/mol). An allylic-like Meinwald rearrangement of a 5,6-exoepoxybicyclo[2.2.1]hept-2-ene has been observed to occur spontaneously at 30°C [16] .
Free energies of activation for the uncatalyzed Meinwald rearrangement of common monoterpene epoxides are relatively large, being of the order of 70 kcal/mol, and are, therefore, not predicted to be important reactions at gas chromatographic temperatures. In contrast, previous theoretical investigations of acid-catalyzed [17] and Lewis-acid-catalyzed [4] Meinwald rearrangements show much lower activation energies, around 25-30 kcal/mol, for simple epoxides.
Experimental
Computational methods: All calculations were carried out using Spartan '14 for Windows [18a] . Initial conformational analyses were carried out on each compound using a molecular mechanics conformational search and the MMFF force field [18b]. The hybrid B3LYP functional [18cd] and the 6-31G* basis set [18e] were used for the optimization of all stationary points in the gas phase. Single-point energies were calculated using the B3LYP/6-31G* geometries at the 6-311++G** level [18e]. Frequency calculations were used to characterize stationary points as minima or first-order saddle points, and to determine zero-point energies. Entropies were calculated using the linear harmonic oscillator approximation.
